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[1] Daily global measurements from NASA’s Aura Microwave Limb Sounder (MLS) allow
comprehensive investigation of interhemispheric and interannual variations in chemical
and transport processes throughout the lowermost stratosphere (LMS). We analyze nearly
seven years of MLS O;, HNOj3;, HCI and ClO measurements along with meteorological
analyses to place chemical processing in and dispersal of processed air from the winter polar
lowermost vortex and subvortex in a global context. The MLS data, the first simultaneous
observations of HCI and ClO covering much of the LMS, reveal that chlorine activation
is widespread in the Antarctic subvortex and can occur to a significant degree in the Arctic
subvortex. Unusually low temperatures and strong, prolonged chlorine activation in the
lowermost vortex and subvortex promoted large ozone losses there in the 2006 (and 2008)
Antarctic and 2004/2005 Arctic winters, consistent with reported record low column ozone.

Processed air dispersing from the decaying vortex in spring induces rapid changes in
extravortex trace gas abundances. After vortex breakdown, the subtropical jet/tropopause
becomes the major transport barrier in the LMS. Quasi-isentropic transport of tropical
tropospheric air into the LMS, associated with the summer monsoon circulations, leads to
decreases in extratropical O3, HNO;, and HCI in both hemispheres. Strong mixing in the
summertime LMS homogenizes extratropical trace gas fields. MLS measurements in the
tropics show signatures of monsoon-related cross-equatorial stratosphere-to-troposphere
transport. Observed seasonal and interannual variations in trace gas abundances in the LMS
are consistent with variations in the strength of transport barriers diagnosed from

meteorological analyses.
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1. Introduction

[2] Although chemical processing in the lower strato-
spheric winter polar vortices has been the subject of intense
scrutiny for more than two decades, less attention has been
focused specifically on the lowermost stratosphere (LMS),
a distinct region traditionally defined to lie between the
local tropopause and the isentrope corresponding to the
tropical tropopause (typically 380 K) [e.g., Holton et al.,
1995; Shepherd, 2007]. The mass of the LMS fluctuates
as the heights of the tropopause and the 380 K surface vary
with season [e.g., Appenzeller et al., 1996; Schoeberl, 2004].
Air enters the LMS mainly through diabatic downwelling
from the stratosphere or adiabatic quasi-horizontal transport
and mixing from the tropical and subtropical upper tropo-
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sphere. Episodic diabatic upward transport from the extra-
tropical troposphere occurs via deep (or sporadic pyro)
convection [e.g., Poulida et al., 1996; Fu et al., 2006; Fromm
et al., 2010] and synoptic-scale frontal uplift [e.g., Rood
et al., 1997, Stohl et al., 2003]. Other small-scale transient
processes, such as tropopause folds and cutoff lows, can
also promote the exchange of air between the LMS and
the troposphere in the extratropics [e.g., Stohl et al., 2003;
Shepherd, 2007]. As a consequence of all of these mechan-
isms, air in the extratropical LMS bears both stratospheric
and tropospheric characteristics [e.g., Lelieveld et al., 1997;
Hintsa et al., 1998; Ray et al., 1999; Pan et al., 2004; Hoor
et al., 2005; Hegglin et al., 2006, 2009; Pittman et al.,
2007; Bonisch et al., 2009].

[3] In addition to large- and small-scale dynamical pro-
cesses, the composition of the LMS is affected by local
chemical and microphysical processes. For example, polar
stratospheric clouds (PSCs) sequester gas-phase HNO; and
H,O0 and provide surfaces on which heterogeneous reactions
convert chlorine from reservoir to reactive forms. Although
PSCs are only rarely observed below ~15 km in the Arctic
[e.g., Massoli et al., 2006; Fromm et al., 1999; Pitts et al.,
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2009], they are present at these altitudes during much of the
winter in the Antarctic [e.g., Fromm et al., 1997; Adriani
et al., 2004; Pitts et al., 2009]. Moreover, the signature of
HNO; vertical redistribution into the LMS through sedi-
mentation and subsequent evaporation of PSCs from above
(renitrification) has been identified in both the Arctic [e.g.,
Hiibler et al., 1990; Fischer et al., 1997; Arnold et al., 1998;
Kondo et al., 2000; Irie et al., 2001; Koike et al., 2002; Dibb
et al., 2006] and Antarctic [Hofmann and Deshler, 1991].
Although appreciable abundances of reactive chlorine (of up
to a few tens of pptv) in the Northern Hemisphere middle- and
high-latitude lower/lowermost stratosphere have been linked
to activation on background or volcanically enhanced sulfate
aerosols or cirrus ice clouds [Avallone et al., 1993; Keim
et al., 1996; Borrmann et al., 1996, 1997; Thornton et al.,
2003, 2007], substantial enhancements in ClO (of several
tenths of a ppbv or more), comparable to those routinely
measured at higher altitudes arising from PSC activity, have
not been reported below 380 K in the Arctic. Nevertheless,
significant chemical ozone loss has been diagnosed in the
lowermost vortex in a few Arctic winters [e.g., Bregman
et al., 1997, Knudsen et al., 1998; Rex et al., 2006; Tilmes
et al, 2008]. In contrast, considerably elevated levels of
reactive chlorine in the LMS have been recorded in the
southern polar regions [Anderson et al., 1989; Brune et al.,
1989]. Furthermore, calculations along aircraft flight tracks
have shown that maximum ozone loss rates over Antarctica
can actually occur below 400 K [Murphy, 1991]. More
recently, using a three-dimensional chemical transport model
and ozonesonde observations, Lee et al. [2002] found sub-
stantial in situ ozone destruction in the Antarctic LMS.
Indeed, Lee et al. [2002] estimated that more than a quarter
of the ozone loss associated with the Antarctic ozone hole
occurs in the LMS, with the contribution to the decline in
ozone at these levels from the descent of Os-poor air from the
vortex aloft only becoming significant after mid-October.
[4] The export of chemically processed and ozone-
depleted air from the polar vortex in late winter and early
spring can significantly affect extratropical trace gas dis-
tributions [e.g., World Meteorological Organization,2007a].
Chemically perturbed air is largely confined within the polar
vortex until its breakdown at the end of the winter, but the
degree of containment varies substantially with altitude.
Meclntyre [1995] termed the region below the strong con-
finement of the vortex proper the “subvortex”. He noted that,
like the vortex itself, the subvortex is a region of low tem-
peratures and chemical processing, but tropospheric weather
activity prevents the formation of a well-defined “edge”
(i.e., transport barrier), and much more vigorous stirring
efficiently transports air between polar and middle latitudes.
Previously, aircraft observations obtained during the Air-
borne Antarctic Ozone Experiment (AAOE) had revealed a
marked change in the dynamical character of the polar vortex
near 400 K potential temperature, with the different chemical
signature of trace species below this level consistent with
greater exchange between polar and midlatitude air [e.g.,
Tuck, 1989]. Numerical studies of the isolation of the polar
vortex had also suggested the presence of a transition layer
near 400 K, above which the edge of the vortex constitutes a
very strong barrier to mass exchange and below which the
permeability of the vortex edge increases substantially [e.g.,
Bowman, 1993; Chen, 1994; Chen et al., 1994]. In line with
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these results, Mclntyre [1995] placed the vortex/subvortex
transition altitude at about 400 K.

[5s] Manney et al. [1994] showed, however, that the degree
of mixing between polar and midlatitude air depends strongly
on the position and evolution of the polar night jet (which
moves downward as winter progresses) and on the amount
of descent experienced by air parcels; consequently, it exhi-
bits considerable interannual variability in both hemispheres.
Using a diagnostic of the degree of mixing, Haynes and
Shuckburgh [2000a, 2000b] found that the 400-K isentrope
has no particular significance in either hemisphere; rather, the
vortex/subvortex transition is gradual and varies substantially
in altitude over the winter/spring period, from about 350 to
380 K in the Southern Hemisphere and from about 400 to
above 450 K in the Northern Hemisphere. Similar seasonal
variations in the depth of the winter polar vortex transport
barriers were also found by Allen and Nakamura [2001].

[6] As climate change affects the upper troposphere/lower
stratosphere (UTLS) region in the coming decades, subvortex
chemical processing may have important implications for
recovery of the Antarctic ozone hole, as well as for the pos-
sibility of more severe ozone depletion in the Arctic. Changes
in the chemical composition of the UTLS, in particular ozone,
may in turn strongly affect atmospheric radiative forcing
[e.g., Lacis et al., 1990; Forster and Shine, 1997]. Moreover,
as mentioned earlier, the efficient exchange between polar
and lower-latitude air at these levels spreads the influence of
polar processing throughout the extratropics. Therefore, to
improve our prognostic capability it is essential to obtain a
better understanding of the distribution and variability of
trace gases in the UTLS, as well as the underlying chemical
and dynamical processes that control them. Daily global
measurements from the Microwave Limb Sounder (MLS) on
NASA’s Aura satellite, launched in July 2004, have enabled
the first comprehensive multiyear examination of chemical
processing and transport in the LMS and subvortex in both
hemispheres. Here we analyze nearly seven years of MLS O,
HNO;, HCI, and CIO observations to investigate the inter-
hemispheric and interannual variations in chemical proces-
sing and in the evolution of transport barriers in the LMS and
subvortex regions.

2. Measurement Description

[7] MLS measures millimeter- and submillimeter-
wavelength thermal emission from the limb of Earth’s
atmosphere [Waters et al., 2006]. The Aura MLS fields of
view point in the direction of orbital motion and vertically
scan the limb in the orbit plane, leading to data coverage from
82°S to 82°N latitude on every orbit. Because the Aura orbit is
sun-synchronous (with a 1345 local time ascending equator-
crossing time), MLS observations at given latitudes on either
the ascending (mainly day) or descending (mainly night)
portions of the orbit have approximately the same local solar
time. Northern high latitudes are sampled by ascending
measurements near midday local time, whereas southern high
latitudes are sampled by ascending measurements in the late
afternoon.

[8] This study uses version 3.30 (v3.3) MLS measure-
ments of O3, HNO3, HCI, and CIO in the UTLS. Detailed
information on the quality of the previous version of MLS
data, v2.2, can be found in validation papers by Livesey et al.
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Table 1. Summary of Aura MLS v3.3 Measurement Characteristics
in the UTLS

Resolution
MLS Vertical x Horizontal®
Product (km) Precision®
0; 2.5-3 x 300-450 +0.03 to £0.1 ppmv
HNO; 3—4 x 350-500 +0.7 to +1.2 ppbv
HCl 3 x 200-400 +0.2 to +0.4 ppbv
ClO 3-4.5 x 300-600 +0.1 to +0.3 ppbv

*Horizontal resolution in along-track direction; cross-track resolution is
10 km or less for all species, and the separation between adjacent retrieved
profiles along the measurement track is 1.5° great circle angle (~165 km).

Precision on individual profiles. For most of these species, the larger (i.e.,
poorer) precision (and resolution) values apply to the lowest retrieval levels.

[2008a] and Froidevaux et al. [2008a] for upper tropospheric
and stratospheric ozone, respectively, Santee et al. [2007]
for HNOs, Froidevaux et al. [2008b] for HCI, and Santee
et al. [2008a] for ClO. The recently released v3.3 MLS data
processing algorithms have led to notable improvements
in several products, in particular HNO; and ClO (discussed
below).

[9] The precision, resolution, and useful vertical range of
the v3.3 measurements, as well as some preliminary assess-
ments of their accuracy through initial validation compar-
isons with correlative data sets, are reported for each species
in the v3.3 Level 2 data quality and description document
[Livesey et al., 2011]. Table 1 briefly summarizes the preci-
sion and resolution of the relevant v3.3 data in the UTLS.
Note that the range of reliable measurements extends down
to the 261-hPa MLS retrieval pressure surface for O;, the
215-hPa level for HNO;, and the 147-hPa level for HCI and
CIO. The single-profile precision estimates given here can be
improved by averaging; for the averaged quantities on which
most of the conclusions of this study are based, the estimated
precisions are smaller by about a factor of 10 than the values
in Table 1.

[10] The vertical resolution of MLS profiles can be
quantified as the full width at half maximum of the “aver-
aging kernels” (Livesey et al. [2006, 2011]; see also the
respective validation papers for individual products). The
MLS averaging kernels are “sharp” functions (not, for
example, boxcar averages), and their relative sharpness
enables realistic depiction of atmospheric structure on length
scales somewhat finer than the averaging kernel widths.
Although MLS measurements have previously been shown to
accurately characterize the large-scale morphology of several
trace gases in the UTLS [e.g., Livesey et al., 2008b; Santee
et al., 2007], their ability to discriminate features of small
vertical scale is just beginning to be explored in detail.
Manney et al. [2009b, 2011] demonstrated that, despite their
nominal vertical resolution in the UTLS (2.5-4.5 km,
depending on the species), MLS data successfully capture
distinct, relatively localized vertical structure in trace gas
distributions in this region. The results presented in the
following sections confirm that, as expected based on mea-
surement simulations (not shown), realistic aspects of atmo-
spheric structure on height scales shorter than those quoted in
Table 1 are accurately represented in MLS data.

[11] Ozone in the UTLS is retrieved on twice as fine a
vertical grid in v3.3, leading to better vertical resolution than
in v2.2. Biases in O3 in the upper troposphere have also been
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reduced [Livesey et al., 2011]. Comparisons with various
ground-based, balloon-borne, and satellite data sets indicated
that the MLS v2.2 HNOj; values are biased low by 10-30%
throughout most of the vertical range, and possibly more at
215 hPa [Santee et al., 2007]. This low bias has been largely
eliminated in v3.3 HNOj; data, which generally show much
closer agreement with correlative data sets [Livesey et al.,
2011]. In general, the v3.3 HCI retrievals have changed
little from those in v2.2 [Livesey et al., 2011]. Mixing ratios
have increased slightly at 100 hPa and also at 147 hPa, at
which level a high bias in HCI has worsened, particularly in
the tropics, where data below 100 hPa are not recommended
for scientific use. HCl measurements at 147 hPa may be
used outside of the tropics, however. As discussed in detail
by Santee et al. [2008a], a considerable latitudinally varying
negative bias is present in the v2.2 CIO values at retrieval
pressures larger than 22 hPa. In v3.3, the bias in the CIO data
has been essentially eliminated at retrieval pressures less than
68 hPa and substantially mitigated elsewhere. Moreover,
the remaining small biases at 68, 100, and 147 hPa (the latter
not formerly a recommended level) have been better char-
acterized, and a pressure- and latitude-dependent bias cor-
rection [Livesey et al., 2011] is applied to the v3.3 CIO data
shown here before they are vertically interpolated to potential
temperature surfaces.

[12] One respect in which the quality of the MLS UTLS
data has not been improved in v3.3 is their sensitivity to
clouds, as retrievals at the lowest levels are more adversely
affected by the presence of thick clouds (i.e., ice particles in
convective cores) than they were in v2.2. Such cloud effects
can lead to unphysical values, particularly in the equatorial
region. Detailed instructions for screening to remove tropical
cloud-induced outliers (along with other poor-quality data
points) in the HNO; and Oj products are given in the v3.3
data quality document [Livesey et al., 2011] and are followed
here. Attempts to filter cloud-affected data points in the
tropical UTLS have so far been less successful for v3.3 HCI
and ClO. More efficacious cloud-screening procedures are
currently under development, but the results shown here,
especially for CIO, still include some unrealistic values in the
tropical UTLS attributable, at least in part, to cloud artifacts.

[13] In addition to MLS measurements, this study makes
extensive use of meteorological data from the NASA Global
Modeling and Assimilation Office (GMAQO) Goddard Earth
Observing System Versions 5.1.0 and 5.2.0 analyses, either
from the operational near-real-time (NRT) system [Reinecker
et al., 2008] or from the Modern Era Retrospective-analysis
for Research and Applications (MERRA) 32-year reanalysis
[Bosilovich et al., 2008; Reinecker et al.,2011] (both referred
to hereinafter as GEOS-5). The GEOS-5 analysis is per-
formed by the Gridpoint Statistical Interpolation (GSI) [Wu
et al., 2002]; the analysis correction pulling the forecast
model toward the observations is then applied gradually
through incremental analysis updates (IAU) [Bloom et al.,
1996]. GEOS-5 analyses are provided on a 1/2° latitude by
2/3° longitude grid, on 72 terrain-following model levels
from the surface through the stratosphere, and with analyses
every six hours. Along with standard meteorological vari-
ables, GEOS-5 products include an expansive set of fields
from the model and assimilation system, including diabatic
heating rates and potential vorticity (PV) calculated internally
in the model. For most of the work presented here, we use
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the MERRA reanalyses. However, unlike the other fields,
MERRA PV is produced on pressure levels on a reduced-
resolution grid, rather than on model levels on the full-
resolution grid. Therefore, the NRT analyses are used for all
PV overlays on figures. On the other hand, MERRA PV is
used in the calculation of effective diffusivity (discussed
further in section 4), for which a smoother PV field on a
coarser grid is advantageous. Throughout this paper, absolute
values are used whenever PV is specified.

3. Seasonal and Interannual Variations
in the Lowermost Vortex and Subvortex

[14] As an illustration of chemical and dynamical vari-
ability in the lowermost vortex and subvortex, we begin with
maps of MLS data for a representative day during the 2006
Antarctic late winter (Figure 1). The data have been inter-
polated to several potential temperature surfaces in the UTLS;
note, however, that because of the vertical resolution of the
measurements (see Table 1), the values obtained at these
levels are not completely independent. The 410 and 390 K
surfaces reside within the lower stratosphere, whereas the 370
and 350 K surfaces represent the upper portion of the LMS
in the extratropics. On all maps, black overlays (showing the
1.2 and 1.4 x 10 * s~ contours of scaled PV, sPV) demark
the approximate boundary of the polar vortex. White over-
lays identify the approximate location of the dynamical (PV)
tropopause. As discussed by Stohl et al. [2003], the exact
definition of the dynamical tropopause remains somewhat
subjective, and a wide range of PV values has been employed
[e.g., Pan et al., 2004, 2007; Krebsbach et al., 2006;
Schoeberl, 2004; Scott et al., 2003; Highwood et al., 2000;
Haynes and Shuckburgh, 2000b, and references therein].
Recently, Kunz et al. [2011] identified the location of the
extratropical dynamical tropopause on isentropic surfaces by
the maximum in the PV gradient with respect to equivalent
latitude; the PV value associated with this gradient-based
tropopause generally increases with increasing potential
temperature, especially in the Southern Hemisphere, and,
depending on the season, ranges between 1.5 and 5.0 PVU
(where 1 PVU=10"°Km”kg ' s "). Here we use the 4.5 PVU
contour, as recommended by Haynes and Shuckburgh [2000b]
for the 370-K level; Scott et al. [2003] found that the region
of weakest mixing indicative of the tropopause corresponds
to PV values of ~4 PVU in the Northern Hemisphere and
~5 PVU in the Southern Hemisphere during winter at 370 K,
and Krebsbach et al. [2006] and Pan et al. [2007] also found
that air masses with PVU values of 4 or greater are charac-
terized by stratospheric ozone abundances.

[15] The high values of O; and HNOj; in the so-called
“collar” region along and inside of the vortex edge reflect the
seasonal buildup of these species as a consequence of rela-
tively confined diabatic descent (the descending branch of the
Brewer-Dobson circulation). By late winter, O3 and HNO;
are both severely depleted poleward of the collar region at
410 K. Substantial (though increasingly localized) depletion
in HNOj is evident down to 350 K, as are the effects of
chemical ozone destruction, which continues to intensify
at these levels into October in 2006. The contours of O;
and HNOs at all levels (and of the tracer CO below 410 K,
not shown) suggest an episode of mixing from the edge into
the interior of the vortex near 140°E longitude, south of
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Australia. Reverse domain-filling trajectory calculations
(not shown) provide additional support for the occurrence
of significant transport between the vortex edge and core
regions, as well as for the mixing of some lower-latitude air
into the vortex. A greater degree of permeability in the vortex
edge in this region is also implied by the weakened PV gra-
dients (note the increased separation between the two black
contours) below 410 K. Inspection of maps for neighboring
days indicates that this mixing event is fairly short-lived.
Although in general the vortex is sufficiently robust in this
season to inhibit large-scale exchange between polar and
midlatitude air at all levels, spatially and temporally limited
transport events such as this abound in the MLS data record.

3.1.

[16] We examine the evolution of the Southern Hemisphere
vortex/subvortex in more detail in Figures 2 and 3, which
show snapshots of the UTLS on selected days during the
2006/2007 late winter, spring, and summer as a function
of equivalent latitude (EqL) and potential temperature (6).
EqL, the latitude encircling the same area as a given contour
of PV [Butchart and Remsberg, 1986], is used to provide a
vortex-centered view in which meteorologically similar air
masses are averaged together. As described by Manney et al.
[1999, 2007], the cross sections are produced by taking
weighted averages of MLS measurements around each grid
point. In this procedure, all data points falling within pre-
scribed envelopes in EqL and In(f) of a given grid location
are weighted by their distance from it. The resulting averages
are fairly insensitive to the type of weighting function
employed; here we use a Gaussian. The half width in EqL
is 2°. Slightly different vertical grids (and half-widths) are
used for different species, depending on their specific vertical
resolution and the number of points in each grid box; e.g., a
finer vertical grid is appropriate for ozone, commensurate
with its higher vertical resolution, whereas a coarser grid is
necessary for ClO, for which only daytime measurements are
used. Only data within two half-widths in EqL and one half-
width in In(f) of the grid point are included in the average.
In addition to being weighted by distance, the values aver-
aged at each grid location are weighted by the measure-
ment uncertainty using the same function as for the spatial
weighting, with the error half-width and cutoff determined by
the estimated precision for each species. Although the error
weighting allows inclusion of almost all measurement points,
occasional poor-precision profiles that fall far out in the
wings of the Gaussian are given very little weight. In this
manner the closest and most precise measurements contri-
bute most strongly to the averages at each grid point.

[17] The 1.5 and 4.5 PVU contours overlaid in white on all
panels bracket the probable region of the tropopause. The
horizontal white line marks 380 K; the region below that line
poleward of the tropopause is the upper portion of the LMS.
The black lines are contours of normalized PV gradient,
identifying the locations of the EqL-averaged representation
of the transport barriers associated with the Antarctic vortex
(near 60°S) and the upper tropospheric subtropical jet (near
30-40°S). The subtropical jet/tropopause barrier is seen to
tilt poleward at lower altitudes, as shown also by Haynes
and Shuckburgh [2000b], especially as the year progresses.
Although considerable day-to-day variability occurs in these

Southern Hemisphere Seasonal Variations
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410 K
~100 hPa

~147 hPa &
~12 km

0.08 0.16 0.24 0.32 0.40

O,/ ppmv

0.4 0.8 1.2 1.6 2.0
HNO, / ppbv

Figure 1. Maps of version 3.30 (v3.3) MLS (left) O; and (right) HNO; for a day in the 2006 Antarctic
late winter, interpolated to potential temperature surfaces using Global Modeling and Assimilation Office
Goddard Earth Observing System (GEOS-5) temperatures. Corresponding approximate pressures and alti-
tudes in the extratropics are given in the legend for each potential temperature surface. White lines show the
45x10 °*Km*kg 's™' (4.5 PVU) GEOS-5 potential vorticity (PV) contour to identify the dynamical tro-
popause. Solid black lines represent the 1.2 and 1.4 x 10~ s™! contours of scaled PV (sPV, calculated using
the method of Manney et al. [1994]) to demark the polar vortex boundary; two contours are shown to give a
sense of the strength of the vortex and its degree of impermeability.

fields, the dates shown in Figure 2 are representative of their
respective mid-month periods.
3.1.1. August

[18] In mid-August, the polar night jet extends to just
below 380 K. According to the GEOS-5 diabatic heating rates
(not shown), air is descending in most of the southern middle

and high latitude lower/lowermost stratosphere at this time.
Ozone abundances are high throughout the vortex/subvortex.
In contrast, HNOj is depleted down to (and even below) the
bottom of the vortex. Because MLS measures HNO; only in
the gas phase, we cannot distinguish whether the observed
depression is due to sequestration in extant PSCs, which are
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Figure 2. Equivalent latitude/potential temperature (EqL/6)
cross sections of v3.3 MLS (left) O3 and (right) HNO; mea-
surements, for six selected days during the 2006/2007 Ant-
arctic late winter, spring, and summer. Thevertical domain
of the panels spans the range from roughly 130-220 hPa
(330K) to 30-50 hPa (500 K), depending on the temperature;
corresponding approximate altitudes in the extratropics are
given on the right-hand axis. Black contours represent
GEOS-5 normalized PV gradients of 1.5 and 4.5; values
greater than 1 indicate stronger-than-average gradients.
White contours show 1.5 and 4.5 PVU values to delineate
the tropopause; the horizontal white line marks the 380-K
potential temperature surface.
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typically present in the Antarctic LMS in mid-August
[Hofmann and Deshler, 1991; Fromm et al., 1997; Adriani
et al., 2004; Pitts et al., 2009], or irreversible denitrifica-
tion, which occurs when PSC particles grow large enough
to sediment at an appreciable rate. Since denitrification

380!

330
500

—_
~

440

—_
N b

Approximate Altitude / km

Potential Temperature / K

-80
Equivalent Latitude

-40 0 -80 -40 0

Equivalent Latitude

0.75 1.50 2.25 3.00
HCI / ppbv

0.20 0.40 0.60 0.80
CIO / ppbv

Figure 3. EqL/0 cross sections of v3.3 MLS (left) HCI and
(right) CIO, for six selected days during the 2006 Antarctic
late winter and spring. Different dates are shown for these
species than for O3 and HNO; to more closely track the pro-
gression of chlorine activation/deactivation. Only daytime
measurements are used for C10. The sharp cutoff arises
because HCIl and ClO are not retrieved at pressures larger than
147 hPa, and thus these data are not available at the lowest
potential temperatures except in the coldest regions at middle
and high latitudes during winter.
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commences in June in the lower stratosphere [e.g., Tabazadeh
et al., 2000], descent of denitrified air from above also con-
tributes to the low values of HNOs in the lower reaches of
the vortex.

3.1.2. September

[19] One month later in mid-September, descent is still
ongoing (not shown) throughout most of the middle and high
latitudes. Above ~400 K, HNO; depletion has intensified
slightly in the vortex core, whereas abundances have risen
near the vortex edge. Such increases are consistent with
previous studies showing that HNO; recovery commences in
midwinter [e.g., Santee et al., 1999; McDonald et al., 2000],
even though temperatures remain below PSC formation
thresholds in much of the vortex. Santee et al. [1999] attrib-
uted the increase in lower stratospheric HNO; over the
August-September period to a combination of factors,
including intermittent evaporation of local PSCs, vertical
transport, and horizontal mixing. Unlike at higher altitudes,
HNO; mixing ratios in the lowermost vortex and subvortex
have decreased substantially from mid-August to mid-
September. Using zonal mean H,O and HNO; abundances
from MLS to estimate the formation threshold for nitric
acid trihydrate (NAT) PSCs [Hanson and Mauersberger,
1988], we find that temperatures on this day are below
the NAT threshold in most of the southern polar region at
147 hPa (corresponding approximately to 12 km or 370 K),
and are at or slightly below the NAT threshold in the vortex
core at 215 hPa (~10 km, 340 K). Moreover, spaceborne
lidar observations from CALIPSO indicate PSC formation
in the ~12 to 15 km altitude range from June through early
October in 2006 [Pitts et al., 2009]. (Note that CALIPSO PSC
detections are cut off at altitudes less than 4 km above the
local tropopause to avoid cirrus contamination.) Thus the
decrease in gas-phase HNO; observed in the subvortex
in mid-September is likely associated with ongoing PSC
activity.

[20] Between mid-August and mid-September, ozone has
become substantially depleted at polar latitudes throughout
the vertical range shown. It has been suggested that apparent
deficits in ozone revealed by tracer correlations at and below
the bottom of the vortex have arisen through subsidence of
ozone-depleted air from the vortex above [Proffitt et al.,
1993; Collins et al., 1993; Bregman et al., 1995]; although
those studies focused on the Arctic, such effects could occur
in the Antarctic as well. Similarly, Bregman et al. [2000] used
in situ tracer correlation slope distributions and modeling
to illustrate that, depending on the strength and longevity of
the winter polar vortex, unmixed air transported below the
bottom of the vortex by diabatic descent directly influences
air in the Arctic LMS as far down as 340 K. On the other hand,
Murphy [1991] calculated large chlorine-catalyzed ozone
loss rates in the 350—400 K region over Antarctica based on
in situ aircraft measurements of ClO in late August and
September during the 1987 AAOE campaign. More recently,
modeling results of Lee et al. [2002] indicated that low O3
values in the Antarctic subvortex (defined by them to be the
region below 390 K) largely occur through in situ chemical
destruction rather than descent of ozone-depleted air from the
vortex proper.

[21] Local chemical ozone loss requires the presence of
reactive chlorine. In situ measurements of C1O were obtained
in the lowermost vortex from the ER-2 during AAOE
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[Anderson et al., 1989; Brune et al., 1989]. Although most
flight time was spent at higher potential temperatures in the
lower stratosphere, on each flight a dive executed at the
southernmost penetration into the vortex, typically near 72°S
latitude, allowed construction of vertical profiles. These dive
segments revealed ClO mixing ratios of ~0.1 ppbv at 350 K
and 0.2-0.3 ppbv at 370 K, significantly enhanced over
typical midlatitude values at these levels [Anderson et al.,
1989; Brune et al., 1989]. Lee et al. [2002] noted that
because of the rapidity of chlorine deactivation at subvortex
altitudes, CIO is unlikely to become enhanced there through
diabatic descent of activated air from the vortex. They relied
on modeling results, historical PSC observations, and previ-
ously published coarse vertical resolution ground-based C10
measurements [Solomon et al., 2000] to infer the occurrence
of significant chlorine activation at subvortex altitudes,
with model values of reactive chlorine exceeding 0.5 ppbv at
350-380 K in mid-August to mid-September.

[22] As mentioned above, MLS and CALIPSO data indi-
cate persistent PSC formation in the lowermost vortex at this
time. Consistent with the presence of PSCs, MLS measure-
ments (Figure 3) show that in middle to late winter HCI is
depleted and CIO is enhanced inside and below the region of
strong PV gradients defining the edge of the vortex proper.
These measurements constitute the first simultaneous obser-
vations of HCI and CIO covering much of the Antarctic
lowermost vortex and subvortex and provide direct evidence
that substantial chlorine activation is widespread in this
region. The altitude of maximum lower stratospheric C1O
enhancement decreases progressively throughout the winter,
following the patterns in temperature and thus PSC formation
[de Zafra et al., 1995; Solomon et al., 2002; Santee et al.,
2003, 2008b]; from Figure 3 it is seen that the greatest
enhancement in the lowermost vortex and subvortex is
reached in mid-September. Observed maximum EqL-mean
CIO abundances in the subvortex (~0.6 ppbv) are in line
with those predicted in the modeling study of Lee et al. [2002]
and are slightly larger than those measured by the ER-2
[Anderson et al., 1989; Brune et al., 1989].

3.1.3. October

[23] By mid-October, the polar vortex extends down to
~350 K (Figures 2 and 3). The downward extension of the
vortex transport barrier over the August-October 2006
interval is consistent with the calculations of Haynes and
Shuckburgh [2000b] and Manney et al. [1994]. Ozone is
severely depleted throughout the vortex/subvortex region. As
will be discussed further below, more ozone loss has taken
place in the LMS in this year than in other years observed by
Aura MLS. Chlorine activation is also more prolonged in
2006. Figure 3 shows that, although deactivation is underway
by the beginning of the month (note the strong correlation
between areas of high HCI and low ClO in the lowermost
vortex core on 1 October), nonnegligible amounts of CIO are
still evident in these EqL-mean cross sections at the bottom of
the vortex at the end of the month. Because of the longer
duration of active chlorine and the greater degree of ozone
loss at lower altitudes, where it has a strong impact on the total
column [e.g., Rex et al., 2006], the 2006 ozone hole equals or
exceeds records for both areal extent and ozone mass deficit
[World Meteorological Organization, 2007b]. With chlorine
substantially deactivated in most of the vortex by the end of
October, however, ozone loss is curtailed for the most part.
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Consistent with the chlorine deactivation, CALIPSO data
indicate that PSCs have largely dissipated by the middle
of the month [Pitts et al., 2009]. HNO; mixing ratios have
recovered substantially throughout the lowermost vortex/
subvortex (Figure 2), most likely through release from PSCs
either formed at those levels or deposited there via sedi-
mentation from above. Such renitrification through evapo-
ration of falling PSCs has been observed around the 12-km
level in the late winter in both the Antarctic [Hofmann and
Deshler, 1991] and the Arctic [e.g., Hiibler et al., 1990;
Fischer et al., 1997; Arnold et al., 1998; Kondo et al., 2000;
Irie et al., 2001; Koike et al., 2002; Dibb et al., 2006].
3.1.4. November

[24] Figures 2 and 3 show that in late October through
mid-November, the lower part of the stratospheric polar night
jet connects in an EqL-mean sense (i.e., at most longitudes)
with an upper tropospheric jet, providing a single strong
transport barrier over the entire altitude range depicted, as
seen also by Haynes and Shuckburgh [2000b]. Manney et al.
[2011] show, however, that in the LMS this transport barrier
is not uniform with longitude; in some sectors (e.g., from
roughly —170° to —80° longitude on 15 November), the
extratropical tropopause is colocated with a strong subtropi-
cal upper tropospheric jet far equatorward of the polar
jet/stratospheric jet complex, with moderate mixing in the
broad latitude region between the subvortex edge and the
tropopause.

[25] Interestingly, ozone has started to recover by this time.
Small increases in ozone in the LMS between October and
November are also seen in monthly mean ozonesonde pro-
files from southern high-latitude sonde stations [Logan,
1999]. High southern latitudes experience continuous sun-
light starting in October. While the returning sunlight initiates
photochemical production leading to a maximum in ozone
abundances during spring and summer in the upper tropo-
sphere [e.g., Krebsbach et al., 2006, and references therein], it
also accelerates natural homogeneous gas-phase catalytic
ozone destruction cycles in the stratosphere [e.g., Farman
et al., 1985; Perliski et al., 1989; Briihl et al., 1998; Fahey
and Ravishankara, 1999]. Hegglin et al. [2006] used in situ
measurements in the LMS over Europe to determine the
altitude at which the chemical regime switches from net
ozone production to net ozone destruction as a function of
season. They found that in spring and summer, although
ozone production takes place near the local tropopause, at
altitudes higher than about 20 K above the tropopause, ozone
destruction occurs, especially in the northern polar regions.
Assuming similar behavior at southern high latitudes, the
increase in ozone in the LMS observed between October
and November in Figure 2 is unlikely to be solely attributable
to net photochemical production. Likewise, because of the
relatively strong transport barrier associated with the jet
complex, horizontal mixing with extravortex air masses is
also unlikely to account for much of the increase. Three-
dimensional trajectory calculations driven by GEOS-5 anal-
yses (not shown) indicate that by mid-November weak ascent
is occurring above 370 K in the vortex/subvortex core, out-
side of which is a broad region of weak net descent. Thus the
ozone distribution at this time is determined by different
combinations of factors in different altitude and latitude
domains, with vertical transport of higher O; abundances
from either above or below, depending on the location, along
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with horizontal mixing within the vortex between the edge
and core regions (as exemplified in Figure 1).

[26] Turning to HNOs3, at most altitudes values have con-
tinued to rebound from the lows observed in the vortex earlier
in the winter (Figure 2), but they still remain depressed in
mid-November. Because PSCs are probably no longer pres-
ent at this time (well after the end of the typical Antarctic PSC
season [Fromm et al., 1997; Pitts et al., 2009]), the residual
depletion in HNO; implies the occurrence of permanent
denitrification in the lower stratospheric vortex and sub-
vortex. Denitrification has been observed down to 340 K
in aircraft measurements [Fahey et al., 1989]. The denitrified
air is confined to EqLs poleward of 50-60°S at all altitudes,
even in the subvortex region.

3.1.5. December

[27] The polar vortex, though exceptionally long-lived
in 2006 [World Meteorological Organization, 2007b], has
begun to erode by mid-December (as evidenced by the PV
gradients). The signatures of denitrification and ozone loss
have been substantially diluted. The flattening of the trace gas
contours seen in Figure 2 suggests that efficient exchange
between polar (formerly inner vortex) and midlatitude air
masses has occurred throughout the LMS, consistent with
previous results on the dispersal of vortex air to midlatitudes
[e.g., Chen et al., 1994; Waugh et al., 1997; Haynes and
Shuckburgh, 2000a].

3.1.6. January

[28] Between mid-December 2006 and mid-January 2007,
the polar vortex has dissipated completely, and a transition
has taken place from the vortex representing the major
transport barrier to the subtropical jet/tropopause represent-
ing the major transport barrier in the LMS. With the disin-
tegration of the vortex, chemically processed air is no longer
confined to high latitudes, nor is unperturbed air excluded;
mixing of polar and lower-latitude air can be seen in the near-
total homogenization of the trace gas fields. The differences
between the latitudinal tracer gradients at the highest and the
lowest altitudes depicted in Figure 2 suggest that the transport
in the lower stratosphere differs from that in the LMS fol-
lowing the breakup of the polar vortex. Similarly, modeling
studies of the Arctic late spring/summer have found that,
unlike at higher levels where substantial transport into the
subtropics occurs, below ~420—450 K the top of the tropo-
spheric subtropical jet inhibits the meridional propagation
of vortex remnants, keeping ozone-depleted air confined
poleward of approximately 55°N [Piani et al., 2002;
Konopka et al., 2003]. For stratospheric tracers such as O3
and HNOj3, which generally have small abundances at these
altitudes, mixing with depleted air from the vortex/subvortex
leads to uniformly low values throughout the LMS. Export
of polar-processed and ozone-depleted air from the decaying
vortex is discussed in more detail in a subsequent section.

3.2.

[29] To investigate interannual variability in polar pro-
cessing in the lowermost vortex and subvortex, we show in
Figures 4 and 5 plots for 2005/2006 like those discussed
above; other Antarctic winter/spring periods observed by
Aura MLS were also examined. Although depletion in
gas-phase HNOs is typically more severe and extensive in
mid-August, HNO; has recovered to a substantially greater
degree by mid-September in 2005 (and in all other years, not

Interannual Variability
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Figure 4. Same as Figure 2 except for the same calendar
dates in 2005/2006.

shown) than in 2006 (compare Figures 2 and 4). Stronger
descent throughout the extratropics (as indicated by the
GEOS-5 diabatic heating rates, not shown) may have led to
greater replenishment with higher-HNO; air from above in
those years. In general, denitrification (as diagnosed by the
persistent depression in gas-phase HNO; in mid-November)
is weaker in all other years than in 2006, although November
2008 and 2009 (not shown) are also characterized by
lingering low HNOj; in the lowermost vortex. CIO is
enhanced well into the subvortex in all years, with maximum
enhancement below 400 K reached in mid-September, but
the largest abundances extend to slightly lower altitudes in
2006 than in the other years (e.g., compare Figures 3 and 5).
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Deactivation follows rapidly. Although vestiges of high C1O
typically remain in parts of the lowermost vortex at the end of
October, they disappear by mid-November in most years (not
shown), with HCI abundances high throughout the region.
Consistent with the shallower extent of active chlorine,
the data suggest that less ozone has been destroyed in the
lowermost vortex in the other years than in 2006 (compare
Figures 2 and 4). The breakdown of the vortex occurs much
earlier in 2005/2006 than in 2006/2007; in contrast, as in
2006, a relatively strong vortex persists in mid-December in
2007, 2008, and 2009 (not shown). In all years, the trace gas
fields are almost fully homogenized by mid-January. Thus,
although specific details vary from year to year, the overall

Potential Temperature / K
pproximate Altitude / km

-80 -40
Equivalent Latitude

0 -80 -40 0
Equivalent Latitude

0.75 1.50 2.25 3.00
HCI / ppbv

0.20 0.40 0.60 0.80
CIlO / ppbv

Figure 5. Same as Figure 3 except for the same calendar
dates in 2005.
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Figure 6. Same as Figure 2 except for the Northern Hemi-
sphere 2004/2005 winter. Note that the contour increments
for HNO; differ slightly from those used in the Southern
Hemisphere.

dynamical and chemical behavior of the lowermost vortex
and subvortex is qualitatively similar in all Antarctic winters
observed so far by Aura MLS.

3.3. Northern Hemisphere Seasonal Variations

[30] Haynes and Shuckburgh [2000b] showed that the
bottom of the Arctic vortex-edge barrier is weaker, descends
less deeply into the LMS, and persists for a shorter duration
than its Antarctic counterpart. The evolution of the Arctic
vortex and subvortex is illustrated for the 2004/2005 winter
in Figures 6 and 7. Much has already been written about the
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chlorine activation, denitrification, and ozone loss observed
during this exceptionally cold (for the Arctic) winter [e.g.,
World Meteorological Organization, 2007a; Santee et al.,
2008b, and references therein]. The early winter lower
stratospheric vortex is characterized by slightly sharper PV

380 |y

330
500

440

3go M. /

330
500

440

Potential Temperature / K
Approximate Altitude / km

380

330
500

440

380

330

0 40
Equivalent Latitude Equivalent Latitude
(TTINTATTTTTTTT T (T T T T T T

0.751.50 2.25 3.00  0.20 0.40 0.60 0.80
HCI / ppbv CIO / ppbv

80 0 40 80

Figure 7. Same as Figure 3 except for the Northern Hemi-
sphere 2004/2005 winter. As for the Southern Hemisphere,
different dates are shown for HCI and CIlO than for O3 and
HNO; to more closely track the progression of chlorine
activation/deactivation. Note that because a particular poten-
tial temperature surface corresponds to a higher pressure
under warmer conditions, the abundances of HCI1 and CIO,
which are not retrieved at pressures larger than 147 hPa, do
not extend as far into the subvortex region in northern mid-
winter as they do in southern midwinter (Figure 3).
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gradients and stronger descent than average, and the
December 2004 fields reflect the seasonal buildup in O3 and
HNOs. The significant depression in gas-phase HNOj; visible
at stratospheric levels at the highest EqLs in mid-January
2005 is a marker of PSC activity. Note that the gridding
procedure used to produce the EqL/6 cross sections tends to
smear out highly localized phenomena such as small-scale
PSC events evident in daily maps (not shown), so PSC for-
mation is likely to be more extensive than suggested by these
panels. Very low temperatures are reached over a broad area
in the lower stratosphere in late January, triggering formation
of water ice PSCs in a dehydration event captured by MLS
[Jimenez et al., 2006]. Figure 6 shows that HNOj; is also
severely depleted in the stratospheric vortex at this time.
Although temperatures in the lowermost vortex and sub-
vortex remain at or above NAT PSC formation thresholds
(calculated based on zonal mean MLS HNO; and H,O mix-
ing ratios) even during the cold interval in late January, HNO;
at these levels is seen to decrease slightly from its values
earlier in the month. The effects of extant PSCs or denitrifi-
cation (or both) continue to suppress gas-phase HNOj;
abundances in the stratospheric vortex core in mid-February.
Analyses of both aircraft and satellite measurements have
established the occurrence of substantial (though spatially
inhomogeneous) denitrification in this winter [Kleinbihl
et al., 2005; Jin et al., 2006; Schoeberl et al., 2006], as well
as renitrification at lower altitudes from the evaporation of
PSCs sedimenting from above [Dibb et al., 2006; Jin et al.,
2006]. The signature of individual renitrification events
is largely obliterated in the EqL-mean cross sections of
Figure 6, however.

[31] Brune et al. [1990] compared the CIO profile obtained
from the ER-2 on a dive inside the Arctic vortex in February
1989 to one obtained on a similar dive inside the Antarctic
vortex in August 1987. As in the Antarctic, CIO mixing ratios
were found to be ~100 times larger than typical midlatitude
abundances at all altitudes, with the profiles from the two
hemispheres in excellent agreement above ~400 K. Consis-
tent with this picture, measurements from the previous MLS
instrument onboard the Upper Atmosphere Research Satellite
(UARS) also showed that enhanced ClO abundances com-
parable to those observed over Antarctica are attained at some
levels in the Arctic lower stratosphere [Waters et al., 1993;
Santee et al., 2003]. Brune et al. [1990] concluded, however,
that C1O abundances decrease more rapidly at lower potential
temperatures in the Arctic than in the Antarctic, attributing the
difference to the fact that the vertical extent of PSC formation
generally does not reach to as low altitudes in the Arctic.
Comparison of Figures 3 and 5 with Figure 7 substantiates
the finding that strong ClO enhancement (which peaks in
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mid-February in 2005) does not extend as deeply into the
subvortex region in the Arctic as it does in the Antarctic, even
considering that the vortex/subvortex transition occurs at
higher altitudes in the Arctic. This is true even for the 2004/
2005 winter, during which the vortex was anomalously cold,
especially below 400 K [Rex et al., 2006]. Nevertheless, the
enhanced ClO (exceeding 0.2 ppbv) and depleted HCI evi-
dent in the EqL-mean cross sections of Figure 7 demonstrate
that significant chlorine activation can occur down to and
below 380 K in the Arctic.

[32] Consistent with the extensive area of extremely low
temperatures and chlorine activation below 400 K, chemical
ozone losses are larger in this region in 2005 than in other
Arctic winters, leading to record depletion of column ozone
by March 2005 [Rex et al., 2006; World Meteorological
Organization, 2007a]. Although this loss is partially off-
set by replenishment through dynamical processes (which
must be rigorously accounted for to accurately quantify the
chemical destruction), some signature of it is evident in
the change in the high-latitude ozone gradients between mid-
February and mid-March in Figure 6.

[33] Although a major final warming halted PSC processing
in early March [e.g., World Meteorological Organization
2007a], a strong transport barrier associated with the polar
night jet is still identifiable in the middle of the month, and
ClO mixing ratios are still slightly elevated (Figure 7). By the
beginning of April, chlorine deactivation is complete. HCI
abundances, however, remain relatively low throughout the
vortex/subvortex. The different pattern of HCI behavior at the
end of the winter in the north compared to that in the south
(compare Figures 3, 5, and 7) is a consequence of the fun-
damentally different chlorine deactivation pathways in the
two hemispheres, with reformation of CIONO, playing a
much greater role in the Arctic [e.g., World Meteorological
Organization, 2007a; Santee et al., 2008b, and references
therein]. The vortex has broken down completely by mid-
April (Figure 6), and, as discussed in connection with the
Antarctic, the subtropical jet/tropopause has become the
dominant transport barrier, with the flattening of the trace gas
contours in the lower and lowermost stratosphere reflecting
the homogenization of the fields.

4. Temporal Evolution of Trace Gases
and Transport Barriers in the Lowermost
Stratosphere

[34] The power of the satellite data record, with multiple
years of daily global measurements, is more fully exploited
by examining time series. Figures 8 and 9 show nearly seven
years of MLS measurements at, respectively, 370 K and

Figure 8. EqL-time series at 370 K of effective diffusivity (ks expressed as lognormalized equivalent length) calculated
from GEOS-5 Modern Era Retrospective-analysis for Research and Applications (MERRA) PV, and MLS O3, HNO;,
HCI, and CIO. White contours show the 1.5 and 4.5 PVU values to mark the tropopause. Black contours represent the
GEOS-5 1.2 and 1.4 x 10* s™! sPV values to demark the polar vortex boundary; as in Figure 1, two contours are shown
to indicate its strength. The vertical black solid lines denote year boundaries, and the horizontal white dashed line marks the
equator. Blank spaces indicate missing data. Note that 370 K corresponds approximately to 150 hPa or ~12 km in much of the
extratropics, but closer to 100—120 hPa or even lower pressures in the winter polar regions and the tropics; in the high tem-
peratures of polar summer, the 370-K surface for the most part lies below the lowest level at which HCI and ClO are retrieved
(147 hPa). Elevated C10 abundances intermittently present in the tropics do not represent real signatures of chlorine activation;
see the discussion of similar artifacts at midlatitudes in section 4.1.
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350 K. These EqL/time plots are produced in a manner similar
to that for Figures 2—7, but are gridded in time (grid points at
1200 UT each day) rather than potential temperature [Manney
etal.,2007]. As in previous figures, white and black contours
demark the tropopause and the edges of the polar vortices,
respectively.

[35] To gain insight into the seasonal and interannual var-
iations in the strength of mixing barriers and their effect
on trace gas distributions, MLS measurements are compared
to effective diffusivity, x.s, calculated from analyzed PV.
Kefr provides a measure of the length of a tracer contour with
respect to the minimum length that would enclose the same
area; it thus tends to be relatively large (small) in regions of
strong (weak) mixing, where the geometric structure of tracer
contours is complex (simple) [Nakamura, 1996, Haynes and
Shuckburgh, 2000a; Allen and Nakamura, 2001]. It can
therefore be used to characterize the strength of transport
barriers. Although k¢ calculated directly from PV is noisier
than that calculated using the advection-diffusion model of
Allen and Nakamura [2001] (especially in regions of strong
mixing), our analyses show that the two approaches produce
qualitatively consistent fields.

[36] We begin with 370 K (Figure 8), which, at least in the
Southern Hemisphere, is near the vortex/subvortex transition.
The low values of k¢ coincident with the white contours near
30° in each hemisphere mark the subtropical jet/tropopause
transport barrier. The robustness of the tropopause barrier
varies over the annual cycle; in both hemispheres it is sub-
stantially weakened during the summer by monsoon mixing
[e.g., Haynes and Shuckburgh, 2000b; Scott et al., 2003]. All
fields shown exhibit a pronounced seasonal cycle at middle
and high EqLs, controlled by the seasonality of the downward
mass flux from above into the LMS as well as this region’s
isolation from the troposphere [e.g., Hegglin et al., 2006],
both of which are greatest in winter [e.g., Bonisch et al.,
2009].

4.1.

[37] Quasi-confined diabatic descent inside the strength-
ening Antarctic polar vortex leads to a buildup in O3, HNO3,
and HCI at this level in late fall and early winter (May-June).
By midwinter (July), strong sPV gradients and low Kegr
values characterize the boundary of the lowermost vortex;
although by no means impermeable, the vortex “edge” at
this level does provide a significant barrier to meridional
exchange of material between middle and high latitudes.
Severe depletion in gas-phase HNO; is associated with
PSC formation and/or denitrification. As a consequence of
heterogeneous processing on PSCs and other cold aerosol
particles, strong chlorine activation occurs, as evidenced by
very low HCI and enhanced ClO inside the winter polar
vortex. The MLS data appear to indicate the occasional
occurrence of extravortex ClO enhancement as well. On the
basis of model simulations, Lee et al. [2002] concluded that
chlorine is efficiently deactivated at the boundary of the
chemically perturbed region and thus does not remain sig-
nificantly elevated in air that is exported from the subvortex
to midlatitudes. A previous modeling study had also found
that CIO enhancements arising from transport of polar-
processed air are limited in geographical and temporal extent
and would not generally be observed at middle latitudes in the
stratosphere [Douglass et al., 1991]. Therefore the apparent

Southern Hemisphere Extratropics at 370 K
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ClO enhancements in the southern midlatitudes (outside of
the polar vortex) from April or May through August every
year are more likely to be an artifact in the MLS data attrib-
utable to imperfect CIO bias correction (which is performed
on pressure surfaces before the data are interpolated to
potential temperature, and thus can lead to time-varying
effects as the relationship between pressure and potential
temperature changes with ambient temperature) or cloud
contamination (see section 2) than to be indicative of either
leakage of chlorine-activated air from the vortex or in situ
chlorine activation on extravortex PSCs or other aerosols.

[38] Rapid ozone loss commences in late August or early
September. Minimum O3 values in the lowermost vortex
core are reached in October. The much greater degree of
ozone loss in the Antarctic LMS in 2006 than in the other
years observed so far by Aura is clearly evident in Figure 8,
consistent with the greater extent and duration of CIO
enhancement in that year. October ozone abundances are
also unusually low in 2008, when the ozone hole area and
mass deficit are second only to 2006 for the years since the
Aura launch [World Meteorological Organization, 2008].
By the end of October, O; starts to rebound slightly through-
out the vortex, most likely through a combination of transport
processes as discussed in section 3.1.

[39] Like ozone, HNO; generally starts to show signs of
recovery in October, but it remains strikingly low at this level
in October-December in 2006 and 2008 (and also 2009). In
the case of HNOj, interannual variability may arise in part
from differences in the magnitude of renitrification through
evaporation of either in situ or sedimenting PSCs; counter-
acting this recovery, returning sunlight initiates photolytic
loss of HNO; beginning in October. Although for the most
part ClO declines in a similar manner at the end of every
winter, interannual variability is seen in the reformation of
HCI, which increases rapidly throughout the vortex in late
September/early October. HCl eventually rises to values
considerably above those observed by MLS before the onset
of chemical processing at the beginning of winter, as noted
previously for stratospheric altitudes by Santee et al. [2008b].
Larger HCI mixing ratios are attained over a greater area in
October 2006 and 2008 than in the other years. This pattern is
consistent with the smaller ozone abundances in 2006 and
2008, as modeling studies (for the lower stratosphere) have
shown that HCI production is highly favored under con-
ditions of severe ozone loss, and even slight differences in
ozone levels can lead to significant differences in HCI values
at the end of the winter [Douglass et al., 1995; Groof et al.,
1997, 2005; Mickley et al., 1997; Douglass and Kawa, 1999].

[40] In addition to chemical and microphysical processing
during winter, dynamical factors, such as differences in
transport and mixing, partially account for the observed
springtime interannual variations. One source of dynamical
variability in these species is the quasi-biennial oscillation
(QBO) of the direction of the equatorial zonal wind in the
stratosphere. Although the QBO is a tropical phenomenon,
it exerts a significant influence on trace gas distributions
in the extratropics through modulation of wave propagation
and thus the circulation throughout the stratosphere (and even
into the troposphere) [e.g., Baldwin et al., 2001]. A QBO
signal has previously been modeled and observed at middle
and high latitudes in the lower stratosphere in several trace
species, including O;, HNOs, and HCl [e.g., Chipperfield and
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Gray, 1992; Baldwin et al., 2001, and references therein],
and, because of its strong impact on isentropic mixing, in
Kefr [Haynes and Shuckburgh, 2000a]. We note that tropical
and northern midlatitude MLS H,0O mixing ratios in January—
April are also much lower in 2006 and 2008 than in the other
years (not shown), consistent with a QBO effect.

[41] Other processes affecting atmospheric temperature
and circulation may also give rise to some of the interannual
variations in these species. For example, the North Atlantic
and Antarctic Oscillations, leading modes of variability for
the climate of the Northern and Southern Hemispheres,
respectively, alter the transport and mixing of chemical spe-
cies into and out of the subvortex region [Shuckburgh et al.,
2009]. Finally, El Nifio/Southern Oscillation (ENSO) influ-
ences polar processing in and the permeability and persis-
tence of the winter polar vortex [e.g., Sassi et al., 2004, and
references therein]. In addition, the mixing barriers at the
subtropical jets are stronger, more zonal, and shifted equa-
torward during the positive phase (El Nifio years) [Scott et al.,
2003; Shuckburgh et al., 2009]. However, visual inspection
of Figure 8 uncovers no clear correlation between the
observed trace gas variations and the occurrence of relatively
strong El Nifio or La Nifia events during the Aura mission
(based on the Nifo 3.4 sea surface temperature index [e.g.,
Trenberth, 1997]), implying that the ENSO signal is weak
and difficult to discern against the larger-amplitude seasonal
and QBO cycles. Conclusive identification of these more
subtle signatures in the MLS data would require detailed
analyses beyond the scope of this paper and would also
benefit from a longer data record.

[42] Breakup of the Antarctic vortex normally proceeds
from the top down; it has been shown to typically reach
altitudes slightly above the 370 K level of interest here
in December [e.g., Zhou et al., 2000; Haigh and Roscoe,
2009]. Even before the vortex has fully broken up, how-
ever, more erosion of vortex air takes place in late winter at
this level than at higher altitudes in the lower stratosphere
[e.g., Chen et al., 1994]. The divergence of the sPV contours
and the dramatic increase in K in Figure 8 signal the col-
lapse of the transport barrier and subsequent strong mixing
and exchange of air between high and middle latitudes,
consistent with previous findings [e.g., Chen et al., 1994;
Waugh et al., 1997; Haynes and Shuckburgh, 2000a]. The
abrupt changes in the extravortex trace gas contours in
November and December as sPV gradients weaken, partic-
ularly visible in O3 and HCI, imply the export of processed
air from the vortex. Although coherent fragments can drift
from the eroding vortex, below 20 km these remnants lose
their distinct vortex identity within a few weeks in the face
of vigorous stirring [e.g., Konopka et al.,2003; Manney et al.,
2005]; in any case, such small vortex shards would not be
discernible in the EqL-mean cross sections shown here.

[43] Model studies have indicated that in situ midlatitude
chemical ozone destruction induced by transport of enhanced-
CIO air from the lower stratospheric vortex is limited
[Prather and Jaffe, 1990; Douglass et al., 1991; Norton and
Chipperfield, 1995; Konopka et al., 2003]. In contrast, the
irreversible mixing of ozone-poor air from the decaying polar
vortex at the end of the winter has been shown to have a
significant impact on midlatitude ozone. Various studies have
quantified this so-called “dilution” effect in both hemi-
spheres, on timescales both seasonal (i.e., for individual
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years) [Brasseur et al., 1997; Knudsen and Groof3, 2000; Lee
etal.,2002; Marchand et al.,2003; Millard et al., 2003; Ajti¢
et al., 2004] and multiannual (i.e., considering the accumu-
lated effects resulting from successive bouts of polar ozone
loss) [Sze et al., 1989; Eckman et al., 1996; Chipperfield,
1999, 2003; Fioletov and Shepherd, 2005; Yang et al.,
2006]. The fraction of observed midlatitude ozone reduc-
tion attributable to transport of polar ozone-depleted air was
found to be as large as 40-50% in these analyses. In addition
to the effects on ozone, a rough estimate of the efflux of
dehydrated air from the Antarctic vortex between August
and September has been made based on UARS Halogen
Occultation Experiment measurements [Rosenlof et al.,
1997]. Other species, however, have rarely been discussed
in this context; moreover, only the study of Lee et al. [2002]
specifically focused on the LMS. Figure 8 shows that all
of these trace gas fields are influenced by the dispersal of
processed air from the Antarctic vortex and subvortex.

[44] A temporary slight weakening of the Southern Hemi-
sphere subtropical jet/tropopause transport barrier occurs
over the interval from about January through April (note the
higher xq¢ values in Figure 8) [e.g., Haynes and Shuckburgh,
2000b; Scott et al., 2003]. One of the unique aspects of the
LMS is that isentropic surfaces intersect the tropopause in
this region, allowing rapid quasi-horizontal stratosphere-to-
troposphere and troposphere-to-stratosphere mass exchange
to take place [e.g., Holton et al., 1995; Shepherd, 2007]. Both
modeling [e.g., Chen, 1995; Dethof et al., 2000; Berthet et al.,
2007] and observational [e.g., Ray et al., 1999; Hegglin et al.,
2006, 2009; Pittman et al., 2007] studies have indicated the
occurrence of substantial quasi-isentropic transport of tropi-
cal tropospheric air into the extratropical LMS in the summer
hemisphere, associated with the planetary-scale anticyclonic
circulations of the summer monsoons. Similarly, Bonisch
et al. [2009] analyzed in situ aircraft observations and
found that, although a significant amount of young tropo-
spheric air can be observed at this level in all seasons
(including spring and winter, as seen also by Spackman et al.
[2007]), during summer and autumn the composition of the
LMS is dominated by tropospheric air delivered in part via
quasi-horizontal mixing across the subtropical tropopause;
their results showed that transport from the tropical lowest
stratosphere just above the tropopause with subsequent sub-
sidence in the lower (shallow) branch of the summertime
Brewer-Dobson circulation is also a major pathway for young
tropospheric air into the LMS. The majority of the tropo-
spheric fraction of air observed in the LMS originates from
the tropics, whereas air from the local extratropical tropo-
sphere plays only a minor role in influencing the composition
in the near-tropopause layer [e.g., Hoor et al., 2005; Berthet
et al., 2007; Bonisch et al., 2009].

[45] Consistent with this picture, the trace gas contours in
Figure 8 also suggest summertime incursions of tropical air
into the extratropics, as seen in the slightly smaller mixing
ratios of all species in the region just poleward of the tropo-
pause in every year. (Note that in addition to the strong sea-
sonal variations, there is considerable interannual variability
in isentropic cross-tropopause exchange [e.g., Seo and
Bowman, 2001; Schoeberl, 2004].) Tropospheric air parcels
are characterized by much lower ozone mixing ratios than
stratospheric ones. Accordingly, some of the seasonal cycle
seen in extratropical ozone in the LMS in Stratospheric
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Aerosol and Gas (SAGE) Il [Pan et al., 1997; Wang et al.,
1998, 2006], Polar Ozone and Aerosol Measurement
(POAM) I [Prados et al., 2003], and airborne in situ
[Krebsbach et al., 2006; Hegglin et al., 2006] data has been
attributed to summertime influx of ozone-poor tropospheric
air. In addition to troposphere-to-stratosphere transport,
some of the observed summertime decrease in lowermost
stratospheric ozone (at northern midlatitudes) has been
linked to changes in tropopause height [Prados et al., 2003;
Krebsbach et al., 2006]. However, Wang et al. [2006] dem-
onstrated that vertical displacement of the tropopause cannot
by itself induce ozone variations large enough to explain the
observed seasonal cycle in midlatitude ozone in the tropo-
pause region. We thus conclude that the transient (roughly
January through April) dip in Southern Hemisphere extra-
tropical O3 mixing ratios every year (Figure 8) is associated
with cross-tropopause mixing of tropical tropospheric air
into the LMS. Likewise, since HCI is a stratospheric tracer
with no known sources of significance in the upper tropo-
sphere [Marcy et al., 2004, 2007], transport and mixing of
air from the tropical troposphere also leads to a reduction
in HCI mixing ratios. The situation for HNO; is somewhat
more complicated: Because of local sources (e.g., lightning)
and sinks (e.g., cirrus clouds), HNO; abundances in the
tropical upper troposphere are highly variable and can be
comparable to those in the LMS [e.g., Murphy et al., 1993;
Popp et al., 2009]. In general, however, HNO; values are
considerably smaller in the tropical upper troposphere than
in the LMS, so again in-mixing from the tropics would be
expected to lead to seasonal decreases in extratropical HNO;
at this level in the EqL-mean view of Figure 8.

[46] In addition to the influence of transport and mixing,
chemical effects are at work in the summertime LMS. The
late-summer/early-autumn minimum in middle and high
latitude stratospheric ozone is a well-known feature [e.g.,
Bowman and Krueger, 1985; Froidevaux et al., 1994; Park
and Russell, 1994; Wang et al., 1998] largely attributable
to intensified photochemical destruction by radical (in par-
ticular NO,) catalytic cycles in the continuous sunlight of
polar day [e.g., Farman et al., 1985; Perliski et al., 1989;
Briihl et al., 1998; Fahey and Ravishankara, 1999], with
little or no counterbalancing dynamical replenishment at this
season. While summertime ozone destruction rates are con-
siderably slower below 100 hPa than they are higher in the
stratosphere, they are still nonnegligible [Briihl et al., 1998],
and a small amount of net photochemical removal takes place
[Bregman et al., 2001]. It is also possible that heterogeneous
processing on cirrus clouds or aerosols, analogous to that
on PSCs in the winter polar vortices, promotes chlorine-
catalyzed ozone destruction in the LMS [McElroy and
Salawitch, 1989; Solomon et al., 1997; Lelieveld et al.,
1999; Hendricks et al., 1999; Bregman et al., 2002]; in the
case of cirrus clouds, the impact on ozone may be largest
near the midlatitude tropopause in summer (especially in
the Northern Hemisphere) [Solomon et al., 1997; Bregman
et al., 2002]. Similarly, during polar summer the slowing
of vertical transport to this region combined with the unin-
terrupted illumination (which causes very low N,Os con-
centrations [e.g., Farman et al., 1985] and hence the cessation
of N,Os conversion into HNO;, as well as photodissociation
of HNO,) also leads to low HNOs, as reported previously for
stratospheric altitudes [e.g., Santee et al., 1999, and refer-
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ences therein]. Although HCI, like O; and HNO3, has a rel-
atively long photochemical lifetime of the order of weeks
in the UTLS [Marcy et al., 2004], some degree of photo-
chemical destruction of HCI may also occur at this level.

[47] The strong mixing (high x.s values) that is a hallmark
of the summertime lower and lowermost stratosphere [e.g.,
Haynes and Shuckburgh, 2000a, 2000b; Scott et al., 2003]
eventually homogenizes the trace gas distributions through-
out much of the extratropics, as noted earlier. Finally, by
April or May descent inside the incipient Antarctic vortex
begins once again to alter trace gas distributions at this level
at middle and high EqLs, and the entire cycle repeats.

4.2. Northern Hemisphere Extratropics at 370 K

[48] Although the gross features of the distributions and
annual cycles of the trace gases are very similar in both
hemispheres in Figure 8, there are notable differences. The
larger ks values and weaker PV gradients reflect the much
more permeable lowermost stratospheric vortex in the Arctic,
where in most winters a barrier to transport barely exists
at this level, as shown also by Haynes and Shuckburgh
[2000Db]. This is especially true during the highly dynami-
cally disturbed winters of 2005/2006, 2008/2009, and 2009/
2010, when major stratospheric sudden warmings prema-
turely terminated polar processing and prompted erosion
of the vortex [Manney et al., 2009a, 2009b; Lee et al., 2011];
the greater degree of mixing out of the vortex during these
winters is clearly evident, particularly in the O3 and HNO;
contours. Interhemispheric differences in wintertime diabatic
descent rates [e.g., Manney et al., 1994; Rosenlof, 1995], as
well as the lack of an ozone “hole”, result in extratropical
ozone abundances that are larger in the Northern Hemisphere
than in the Southern Hemisphere over the entire annual cycle,
as noted also in SAGE II measurements [Pan et al., 1997,
Wang et al., 1998]. HNO3 abundances are likewise larger
throughout most of the northern extratropics than in the south,
again through a combination of the stronger advection of
HNOj;-rich air from above and the considerably smaller
magnitude and extent of denitrification. In contrast, HCI is
substantially lower in the Northern Hemisphere, where its
seasonal cycle is weak. The modest degree of seasonal vari-
ation in HCI reflects not only the generally lesser amount
of chemical processing inside the Arctic vortex/subvortex
(evidence of which is particularly striking in the disparity
in ClO enhancement in the two hemispheres), but also the
fact that the dominant chlorine recovery pathway in the
Arctic differs from that in the Antarctic, with reformation
of CIONO; rather than HCI being the primary deactivation
mechanism at the end of northern winter [e.g., World
Meteorological Organization, 2007a; Santee et al., 2008Db,
and references therein]. The substantial hemispheric asym-
metry in the strength of troposphere-to-stratosphere trans-
port, with greater influx of tropospheric air into the LMS
during northern summer than during southern summer [e.g.,
Chen, 1995; Dethof et al., 2000], also influences the extra-
tropical distributions of all of these species at this level
(especially visible in the HCI mixing ratios just poleward
of the tropopause in this EqL-mean view).

4.3. Extratropics at 350 K

[49] The 350 K potential temperature surface lies in the
subvortex region throughout the winter/spring periods in both
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hemispheres and is thus a level of freer exchange between
polar and midlatitude air masses. In fact, although a strong
mixing barrier (modulated by the annual cycle) is present at
the subtropical jets in each hemisphere, in the extratropics the
Kegr vValues and scaled PV gradients indicate a significant
impediment to mixing only in the Southern Hemisphere in
August through October (Figure 9). This is consistent with
equivalent length calculations for the Antarctic winter and
spring of 1996 reported by Lee et al. [2002], which indicated
that the entire extratropical region on the 350-K surface was
characterized by strong mixing. It is also in accord with
the analyses at this level of effective diffusivity by Haynes
and Shuckburgh [2000b] and a new diagnostic of transport
and mixing termed Lyapunov diffusivity described by
Shuckburgh et al. [2009]. Nevertheless, the MLS data clearly
show the early winter buildup (in both hemispheres) and
subsequent depletion (in the Antarctic) of high-latitude
ozone. The extraordinary ozone loss in the 2006 Antarctic
winter, discussed earlier, is even more striking at this level
than it is at 370 K. In general, comparison of Figures 8 and 9
shows that both the amount of ozone and the amplitude of its
seasonal cycle decrease with decreasing altitude, as expected
for a constituent with its main source in the stratosphere and
as reported previously in satellite [e.g., Pan et al., 1997;
Prados et al., 2003] and airborne in situ [e.g., Krebsbach
et al., 2006] data. Very similar seasonal evolution is seen at
~350 K at lower latitudes in the SAGE II ozone climatology
[Wang et al., 2006]. Like O3, HNOj; exhibits patterns at 350 K
very similar to those at 370 K, including interannual variation
in the degree of Antarctic denitrification and recovery.
Although for the most part the 350 K surface extends below
the bottom of the range of useful HCI and ClO data, viable
retrievals are obtained at this level in Antarctic winter (not
shown in Figure 9). They suggest that chlorine is typically
activated in the southern subvortex from early July through
middle to late October, as noted previously in connection
with Figures 3 and 5. As at 370 K, the signatures of polar
processing start to be erased at the end of the winter, and the
trace gas fields become more or less homogenized throughout
the extratropics. Finally, in early summer in both hemispheres
the tropopause transport barrier is seen to weaken and shift
poleward (to ~50° EqL), consistent with the summertime
poleward displacement of the subtropical jet [Haynes and
Shuckburgh, 2000b; Scott et al., 2003].

4.4. Tropics

[50] Because our primary focus in this study is chemical
processing in and dispersal of chemically processed air from
the lowermost vortex and subvortex, we have touched on the
trace gas distributions in the tropics (where the seasonal
variations in these species are generally much weaker) only
insofar as they influence mixing ratios at higher latitudes.
Particularly noteworthy, however, are the larger abundances
of O3, HNOs3, and HCI, more typical of the stratosphere,
that encroach into the equatorial region at 370 K (Figure 8).
Such patterns, visible in the Southern Hemisphere roughly
from June or July until January or February every year, are
signatures of stratosphere-to-troposphere transport. These
recurring features often appear to “bridge” to stronger and
deeper stratosphere-to-troposphere transport episodes in the
Northern Hemisphere from April or May until October or
November every year. The interhemispheric differences in

SANTEE ET AL.: TRACE GASES IN THE LOWERMOST STRATOSPHERE

D18306

the strength and penetration of these cross-tropopause
exchange events are more apparent in the HNO; and HCl
distributions in Figure 8 than in ozone. The changes in the
trace gas contours (and the interhemispheric asymmetry in
them) are roughly correlated with increases in ks during
approximately the same intervals that largely occur between
the two white contours bracketing the dynamical tropopause
region in each hemisphere.

[5s1] Although the timing does not exactly match, the
patterns of stratosphere-to-troposphere transport implied in
Figure 8 are largely consistent with the results of Haynes and
Shuckburgh [2000b], who found that above 350 K mixing
is especially strong equatorward of the subtropical jet in
June-September (December-March) in the Northern (Southern)
Hemisphere. Their results indicated essentially no identifi-
able tropopause barrier at 370 K in summer in either hemi-
sphere, which they attributed to monsoon-related mixing.
Earlier, the modeling results of Chen [1995] showed that,
in the upper portion of the LMS (350 K), stratosphere-to-
troposphere transport is strongly inhibited during northern
winter in the Northern Hemisphere, whereas a small amount
of stratospheric tracer is transported into the troposphere at
this time in the Southern Hemisphere and the Australian and
South American summer monsoons act to further transport
some fraction of that air into the northern subtropics. Corre-
spondingly, the modeling study showed that during southern
winter the tropopause represents a strong barrier to cross-
tropopause transport in the Southern Hemisphere, whereas
substantial stratosphere-to-troposphere transport occurs in
the Northern Hemisphere at this time and the Asian and North
American summer monsoons act to transport a significant
amount of stratospheric tracer into the southern subtropics
[Chen, 1995]. Evidence for possible isentropic cross-
equatorial transport from the Southern to the Northern
Hemisphere during southern summer and from the Northern
to the Southern Hemisphere during northern summer has
previously been seen in a climatological tropopause ozone
distribution based on more than 20 years of SAGE II data
[Wang et al., 2006]. More recently, Rogal et al. [2010] used
meteorological analyses, column ozone measurements, and
modeling to show how cross-equatorial outflow from the
Asian summer monsoon at 360 K influences the distribution
of ozone in the Southern Hemisphere. Figure 8 reveals the
signature of enhanced monsoon-related cross-equatorial
transport in the distributions of HNO; and HCl as well as in
ozone. That the summertime maximum in ozone in the tropics
is apparently well-correlated with similar enhancements in
stratospheric tracers such as HNO;z and HCI has important
implications for its origin. Folkins et al. [2006] and Randel
et al. [2007] have argued that the large seasonal cycle in
ozone near and just above the tropical tropopause, with
highest values in boreal summer, primarily arises from sea-
sonal changes in tropical upwelling and convective outflow.
Both of those studies, however, assumed that mass exchange
with the extratropics is negligible. In contrast, a recent anal-
ysis by Konopka et al. [2010] found that horizontal transport
from the extratropics, mainly driven by the persistent mon-
soon anticyclones, substantially modulates tropical ozone
between 370 and 420 K, with the strongest effects seen during
late summer and early fall in the Northern Hemisphere.
Our results support the notion that isentropic transport from
the extratropics associated with the summer monsoons
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significantly influences the composition of the tropical tro-
popause layer.

[52] Although still present to a limited extent (especially in
HNO; during January through March), the signatures of
stratosphere-to-troposphere transport are much less sharply
defined in the MLS data at 350 K than at 370 K (compare
Figures 8 and 9). The core of the subtropical jet is typically
situated near 350 K, and consequently the tropopause trans-
port barrier is stronger at that level [e.g., Haynes and
Shuckburgh, 2000b], inhibiting cross-tropopause exchange
to a greater extent there than at levels either above or below.

5. Summary and Synthesis

[53] Daily global measurements from Aura MLS have
enabled the first comprehensive investigation of interhemi-
spheric and interannual variations in chemical processing in
and dispersal of processed air from the winter polar lower-
most vortex and subvortex. Nearly seven years of MLS
measurements of O3, HNO3z, HCI and ClO are analyzed
in conjunction with GMAO GEOS-5 meteorological data,
including effective diffusivity calculated from PV as a mea-
sure of the strength of mixing barriers.

[54] Quasi-confined diabatic descent inside the incipient
vortex leads to an early winter buildup in Oz, HNO3, and HCI
in the LMS. The MLS measurements reveal that, as in the
vortex proper, extensive chemical processing takes place in
the lowermost vortex and subvortex in both hemispheres.
Indeed, the MLS data, which represent the first simultaneous
observations of HCI and ClO throughout much of the
LMS, provide direct evidence that chlorine activation is
widespread in the subvortex in the Antarctic and can occur to
a significant degree in this region in the Arctic as well. The
2006 Antarctic and 2004/2005 Arctic winters are highlighted
here, as unusually low temperatures and relatively strong and
prolonged chlorine activation in the lowermost vortex and
subvortex promoted large ozone losses in those regions,
consistent with reported record low column ozone in both
of these winters. Although not quite as severe as that in 2006,
the ozone destruction in the 2008 Antarctic winter subvortex
also stands out. The larger ozone losses in these two Antarctic
winters gave rise to larger springtime HCI mixing ratios, as
HCI production is highly favored under low-ozone condi-
tions. Interannual variability is also observed in the degree
of denitrification and HNO; recovery in the Antarctic sub-
vortex, with unusually low HNOj; abundances seen in the
spring of 2006 and 2008. These interannual variations may be
linked to QBO or other dynamical effects. Dynamical factors
play a large role in influencing the trace gas distributions in
the Northern Hemisphere, where in most winters the lower-
most vortex is much weaker, warmer, and shorter-lived and
consequently chemical processing within it is much less
intense than it is in the Southern Hemisphere. In particular,
in the highly disturbed Arctic winters of 2005/2006, 2008/
2009, and 2009/2010, major stratospheric sudden warmings
resulted in enhanced mixing out of the eroded vortex.

[55] The breakdown of the vortex at the end of the winter
triggers a transition from it functioning as the major transport
barrier in the LMS to the subtropical jet/tropopause func-
tioning as the major transport barrier. The influence of pro-
cessed air mixing out from the decaying vortex/subvortex
is clearly indicated by abrupt changes in the observed extra-

SANTEE ET AL.: TRACE GASES IN THE LOWERMOST STRATOSPHERE

D18306

vortex trace gas contours at this time. With the weakening of
the subtropical jet/tropopause transport barrier in summer,
rapid quasi-isentropic transport of tropical tropospheric air
into the extratropical LMS takes place, associated with the
summer monsoon circulations. The MLS data show that such
in-mixing from the tropical upper troposphere leads to sea-
sonal decreases in the extratropical O3, HNO;, and HCI
mixing ratios in the LMS in both hemispheres. The strong
mixing that characterizes the summertime lower and lower-
most stratosphere effectively homogenizes the trace gas fields
throughout the extratropics. In addition, the MLS O3, HNO3,
and HC] measurements in the tropics also show signatures of
monsoon-related cross-equatorial stratosphere-to-troposphere
transport.

[56] In summary, our results demonstrate that the con-
centrations of O3, HNOj;, and HCI (and by extension other
trace gases) in the extratropical LMS are controlled by the
complex interplay between myriad chemical and dynamical
processes. These processes include: large-scale air motions of
the Brewer-Dobson circulation, and variations in it (such as
QBO effects); local PSC formation, denitrification, reni-
trification, chlorine activation, and ozone destruction inside
the winter polar lowermost vortex and subvortex; subsequent
outmixing of processed air from the vortex/subvortex at the
end of winter; and quasi-isentropic cross-tropopause trans-
port and mixing with tropical and subtropical tropospheric
air. Substantial interannual variability occurs in the meteo-
rological conditions and consequently the extent and mag-
nitude of chemical processing as well as the degree of
confinement of processed air within the winter polar lower-
most vortex and subvortex. In general, we find that the sea-
sonal and interannual variations in the trace gas abundances
in the LMS observed by Aura MLS are consistent with the
evolution in the strength of the transport barriers as diagnosed
from meteorological analyses.

[57] This study provides a broad overview of MLS trace
gas observations in the LMS and draws inferences about the
processes governing their distribution and variability. More
detailed analyses are in progress and/or planned, including
casting the MLS measurements into tropopause- and jet-
based coordinate frameworks [e.g., Manney et al., 2011] to
better elucidate transport and mixing processes in the extra-
tropical tropopause region. Finally, we note that many of the
processes described in this work, in particular those asso-
ciated with stratosphere-troposphere exchange, have been
diagnosed over limited spatial and temporal domains using in
situ observations. While such measurements offer unparal-
leled insight into the instantaneous mechanisms affecting
trace gas abundances in the LMS, the satellite measurements
presented here afford a spatially and temporally integrated
view, providing unique information on the large-scale
“climatological” impacts of those pathways and underscoring
the complementarity of the two observational approaches.
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